Background: The dynamic actin cytoskeleton plays an important role in clathrin-mediated endocytosis (CME). However, its exact functions remain uncertain as a result of a lack of highresolution structural information regarding actin architecture at endocytic sites. Results: Using platinum replica electron microscopy in combination with electron tomography, we found that actin patches associated with clathrin-coated structures (CCSs) in cultured mouse cells consist of a densely branched actin network, in which actin filament barbed ends are oriented toward the CCS. The shape of the actin network varied from a small lateral patch at the periphery of shallow CCSs, to a collar-like arrangement around partly invaginated CCSs with actin filament barbed ends abutting the CCS neck, to a polarized comet tail in association with highly constricted or fully endocytosed CCSs. Conclusions: Our data suggest that the primary role of the actin cytoskeleton in CME is to constrict and elongate the bud neck and drive the endocytosed vesicles from the plasma membrane. Moreover, in these processes, barbed ends directly push onto the load, as in a conventional propulsion mechanism. Based on our findings, we propose a model for initiation, evolution, and function of the dendritic actin network at CCSs.
Introduction
The dynamic actin cytoskeleton plays an important role in clathrin-mediated endocytosis (CME) [1, 2] . The formation of an endocytic vesicle during CME consists of (1) assembly of the clathrin-based coat at the plasma membrane, (2) invagination of the coated membrane to form a shallow pit, (3) elongation of the coated pit and constriction of its neck to form a deeply invaginated bud, (4) scission of the neck to form an endocytic vesicle, and finally, (5) inward movement of the vesicle [3, 4] . All of these steps are energetically unfavorable and require force-generating machinery to occur. Actin polymerization has been proposed to provide force at multiple stages of CME [5] [6] [7] .
The actin machinery functioning in CME is driven by Arp2/3 complex-dependent nucleation [3, 8] . When the Arp2/3 complex is activated by nucleation-promoting factors (NPFs), such as Wiskott-Aldrich syndrome protein (WASP)-family proteins [9, 10] and cortactin [11] , it nucleates an actin filament as a branch on a preexisting ''mother'' filament with a 70 angle between the barbed (plus) ends of both filaments [12] . The origin of the first mother filament remains unknown but is thought to be nucleated by a different nucleator. Multiple Arp2/3 complex-dependent nucleation events result in the formation of a dendritic actin network, which generates pushing force by polymerizing barbed ends. The length of individual filaments and the number of elongating barbed ends are antagonistically controlled by capping protein (CP) and elongation factors, such as formins and Ena/VASP proteins [13] [14] [15] . In systems where Arp2/3 complex-dependent actin machinery is well studied, such as lamellipodial protrusion and microbial comet tails, the barbed ends of branched actin filaments push onto the plasma membrane or the microbe in the direction of their movement [16] [17] [18] . F-actin assembly at clathrin-coated structures (CCSs) begins relatively late, after the coat has been assembled, and peaks around the time of scission, dissipating shortly after vesicle departure from the membrane [3, 8] , suggesting a role in membrane deformation events. However, the exact role of the dynamic actin machinery during CME remains unknown, largely as a result of a lack of high-resolution structural information on small and transient actin patches associated with CCSs and a well-known difficulty of preserving dynamic actin filament networks for electron microscopy (EM). Consequently, various models predicting distinct modes of actin filament arrangement at CCSs have been proposed [3, 4, 19] . Understanding the structure of CCS-associated actin patches may distinguish between these models and shed light on specific roles of actin dynamics during CME.
In this study, we applied platinum replica EM in combination with electron tomography to analyze the three-dimensional structural organization of the actin cytoskeleton at CCSs. Our findings show that actin filaments at CCSs form a branched network with barbed ends oriented toward the CCS. The barbed ends abut the neck of partially invaginated CCSs and form a comet-tail-like arrangements on deeply invaginated or fully endocytosed CCSs, suggesting that the main role of the actin cytoskeleton in CME is to mediate constriction of the bud neck and departure of the vesicle from the plasma membrane.
Results

Structural Organization of the CCS-Associated Actin Cytoskeleton in Detergent-Extracted Cells
A conventional way to analyze the cytoskeleton by platinum replica EM is to use detergent extraction to expose the cytoskeleton to metal shadowing [20, 21] . To ensure that detergent extraction preserves the CCS-associated dynamic actin network, we used fluorescence microscopy to test colocalization of clathrin with dendritic network components in detergent-extracted mouse B16F1 cells. Double staining of clathrin together with F-actin, the Arp2/3 complex, or CP revealed examples of CCSs localizing side by side or overlapping with punctate accumulations of actin network markers (see Figures S1A-S1C available online), as in living cells [6] . These results indicate that detergent extraction preserves the actin network at CCSs.
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The structure of the CCS-associated actin cytoskeleton was investigated by correlative platinum replica EM utilizing cells expressing GFP-tagged clathrin light chain (GFP-CLC) as a coat marker (Figure 1 ) or GFP-CP as a marker of branched actin networks (Figure 2 ). Correlative EM helped to locate individual CCSs or dendritic patches, respectively, which are detectable by EM only at high magnification.
Although many GFP-positive CCSs present in GFP-CLCexpressing live cells were removed by detergent extraction, many of them remained and were associated with local accumulations of F-actin ( Figure S1D ). These CCSs could be subsequently located in correlative EM images of the same cell (Figures 1A-1G ; Figure S1E ). We found that CCS-associated F-actin puncta corresponded to small patches of actin networks that had very distinct morphology compared with the surrounding cytoskeletal network. The CCS-associated patches frequently looked like small ruffles or comet tails and consisted of short branched filaments displaying free filament ends. These features are especially well observed in stereo pairs of EM images ( Figure S1F ). Free filament ends are predicted to be barbed ends based on the known geometry of branched networks [17] . CCSs usually associated with the periphery of the actin patch that was rich in filament ends. Interestingly, some CCSs that appeared as individual GFP-CLC dots by light microscopy were in fact several closely positioned CCSs (Figures 1D and 1E) . It is important to keep this fact in mind while interpreting various events of CCS dynamics observed by light microscopy, such as splitting and merging of CCSs. Correlative EM also showed that some CCSs were associated with dendritic actin patches under EM investigation, but not with an obvious F-actin accumulation in corresponding fluorescence images ( Figures 1F and  1G ), suggesting that association of CCSs with actin may be underestimated by light microscopy. Some CCSs were not associated with dendritic actin patches but could be bound to long lamellar actin filaments ( Figure 1B ; Figure 2B ).
As reported previously [22] , GFP-CP localized to lamellipodia and small spots in the lamella (Figure 2A) . However, the structure and function of CP spots have been previously unknown. We found that all GFP-CP-positive spots in the lamella corresponded to patches of dendritic actin network in EM images (Figures 2A and 2B) . Remarkably, many patches were associated with CCSs, suggesting that a significant fraction of CPpositive actin patches mark the sites of CME. Similar to GFP-CLC-expressing cells, dendritic patches corresponding to GFP-CP spots frequently had a comet-tail-like appearance with the CCS located at the tip of the tail ( Figure 2B ). The 70 branch angle, when clearly visualized within the dense tail, was oriented toward the CCS, similar to bacterial comet tails [18] , suggesting that these comet tails may propel the CCSs.
In all cases when we observed association of a CCS with an actin patch in detergent-extracted cells, the CCS was peripherally associated with the actin network. To address the possibility that some CCSs could be hidden within or underneath the dendritic actin patch, we performed immunogold EM of clathrin ( Figure 2C ). The analysis of immunogold localization in EM samples was performed at high magnification to distinguish gold particles from vertically oriented filament ends. At low magnification, both structures appear as white dots in contrast-inverted images. However, at high magnification, gold particles have a solid white core surrounded by a gray halo of platinum-coated antibody layer, whereas filament ends have a dark core surrounded by a bright halo of the platinum layer ( Figure 2C , insets). This approach revealed that when gold-labeled CCSs were found in association with the dendritic actin patch, they were peripherally located relative to the comet tail.
Structural Organization of CCS-Associated Actin Cytoskeleton in Unroofed Cells
Because the plasma membrane is an intrinsic structural constituent of CCSs, its removal by detergent extraction might affect the geometry and/or preservation of CCSs. Indeed, the majority of CCSs detected in the detergent-extracted samples had a nearly spherical shape, as expected for fully formed vesicles or highly invaginated CCSs, suggesting that shallow pits might be lost during extraction. Therefore, we investigated unroofed cells, in which most cellular components were removed by an ultrasonic burst, while the ventral plasma membrane remained preserved [23] . Both fluorescence microscopy and EM of unroofed B16F1 cells showed many CCSs associated with actin patches (Figure 3 ; Figure S2 ). In optimally processed samples, 43% of CCSs (n = 426) were associated with a detectable dendritic actin network. However, this number is likely imprecise as a result of possible loss of CCSs and/or CCS-associated actin patches during unroofing.
Detailed EM analysis of ventral membranes revealed a larger variety of CCS shapes as compared with detergent-extracted cells (Figure 3 ; Figure S3 ). In addition to nearly spherical CCSs, we observed relatively flat or shallow CCSs. CCS-associated dendritic actin patches also displayed greater variation in their geometry, as compared with detergent-extracted samples. In addition to comet-tail-like shapes ( Figures 3J-3L ), we also observed collar-like actin patches that encircled the CCS over a large fraction of its perimeter ( Figures 3C-3I) , as well as very small lateral actin patches (Figures 3A and 3B; Figure 4) . However, the dome of CCSs remained free of actin filaments with the occasional exception of actin filaments extending over the peripheral portion of a CCS ( Figures 3B,  3D , and 3I). As in detergent-extracted cells, CCS-associated dendritic patches consisted of very short and densely branched actin filaments. We estimated an average length of actin filaments in the patches to be w50-100 nm. However, this value is probably an overestimation, because we observed many small bumps on filament sides likely representing branches, which were too short to be reliably measured. The outer diameter of CCSs found in association with actin patches was 129 6 13 nm (n = 42), including the thickness of clathrin coat (w17 nm) and platinum layer (w2 nm), suggesting a typical size of the membrane vesicle (w90 nm) within CCSs. Large clathrin lattices, likely corresponding to ''clathrin plaques'' [24] , were rarely observed in these cells. Although dendritic actin patches were observed in association with 83% of clathrin plagues (n = 18), they were unproportionally small and interacted with only 11% 6 3% of the plaque perimeter ( Figures 3A and 3B ).
Polarity and Origin of Actin Filaments in CCS-Associated Dendritic Patches
A key unanswered question regarding the organization of the actin cytoskeleton at CCSs is the orientation of actin filaments. We determined the actin filament polarity in the CCS-associated actin patches by decorating actin filaments with myosin subfragment 1 (S1) in unroofed cells ( Figure 4A ; Figure S3B ). We found that the majority of actin filaments terminating on a CCS were oriented with their barbed ends toward the CCS (84%; n = 151 filaments from 48 CCSs). Because of high density and short lengths of actin filaments in dendritic patches, we were only able to determine polarity of a relatively small fraction of actin filaments within each dendritic patch using S1 decoration. Therefore, we additionally estimated the orientation of actin filaments relative to CCSs based on the 70 angle between barbed ends of Arp2/3 complex-nucleated filaments [25, 26] . We found that the 70 angle usually faced the CCS ( Figure 4B ; Figure S3C ), indicating that the barbed ends are oriented toward the CCS.
The Arp2/3 complex, which initiates the actin assembly at CCSs, requires a pre-existing actin filament to nucleate a branch [27] . It remains unclear how the first actin filament is produced. A small size and distinct morphology of the CCS-associated actin patches may have shed light on this issue. We noticed that dendritic actin patches frequently formed a single-point contact at their pointed-end side with a long linear actin filament belonging to the surrounding lamellar actin network or a stress fiber ( Figure 4C ; Figure S3D ). These observations suggest that when the Arp2/3 complex is activated by NPFs accumulated at the CCS, it may take advantage of a randomly available actin filament to initiate nucleation of the dendritic network.
Electron Tomography of Actin Patches Associated with CCSs of Different Shapes Branched actin networks exert force when their growing barbed ends push onto the plasma membrane. Having established that barbed ends in the CCS-associated actin patches are generally oriented toward the CCS, we sought to determine more precisely the surfaces abutted by barbed ends, because they would likely correspond to sites of force application. Thus, we combined platinum replica EM with electron tomography by collecting images at the tilt angles up to 670 relative to the plane of the sample (Figures 5A-5F ; Movie S1; Movie S2; Movie S3; Movie S4). This approach allowed us to obtain additional three-dimensional information, as compared to stereo pairs. By analyzing electron tomography series, we determined the degree of CCS invagination and the position of the actin-CCS contacts and correlated them with each other. To perform correlation at a quantitative level ( Figures 5G and  5H) , we classified CCSs into three categories according to degree of invagination: (1) shallow CCS with a hemispherical or less invaginated shape and a broad base, (2) deeply invaginated CCSs with a more rounded shape and a reduced diameter of the base, and (3) constricted CCSs or fully formed vesicles with a spherical shape and a narrow or undetectable neck. The position of the actin patch relative to the CCS was assessed both in the plane of the plasma membrane ( Figure 5G ) and in Z direction ( Figure 5H ).
We found that shallow CCSs (Figures 5A and 5D ; Movie S1; Movie S2) were frequently associated with a collar-like actin patch, which contacted the CCS over a large part of its perimeter, although the shape of the actin patch was frequently asymmetric and biased to one side (Figures 5D and 5G ; Movie S2). However, some shallow CCSs interacted with a small piece of the actin network only at one side (Figures 5A and 5G; Movie S1). Deeply invaginated ( Figures 5B, 5C , and 5E; Movie S1; Movie S3) and constricted ( Figure 5F ; Movie S4) CCSs, when viewed en face, most commonly displayed unilateral association with an elongated actin patch reminiscent of a comet tail, but collar-like arrangements were also observed ( Figure 5G ).
In the Z direction, the actin patch contacted shallow CCSs only at the base, where the clathrin coat meets the plasma membrane (Figures 5A and 5D ; Movie S1; Movie S2). In about half of analyzed shallow CCSs ( Figure 5H ), some actin filaments extended over the clathrin coat but never covered a significant portion of the CCS dome ( Figure 5D ; Movie S2). Deeply invaginated CCSs had actin patches interacting almost exclusively with their necks (Figures 5B, 5C , 5E, and 5H; Movie S1; Movie S3) and only rare actin filaments suspended over the CCS periphery ( Figure 5H ). We did not observe extensive interaction of actin filaments with clathrin coats in any of the CCS categories. Although we cannot exclude a possibility that actin filaments interacting with the dome of CCSs were torn away by the unroofing procedure, the total absence of such examples favors the idea that the CCS neck is a primary site of force application from polymerizing actin filaments.
Discussion
Actin polymerization was proposed to function at multiple stages of CME, including formation, invagination, constriction, and lateral movement of clathrin-coated pits, as well as scission and departure of clathrin-coated vesicles [3, [5] [6] [7] [28] [29] [30] . For all of these functions, ambiguity exists as to how actin polymerization applies the pushing force [3, 4] . Resolving the actin architecture relative to the CCS may distinguish or prioritize the existing models. In this study, we have succeeded in characterizing the high-resolution 3D structure of CCS-associated actin patches in mammalian cells by platinum replica EM and electron tomography. We have found that CCS-associated actin patches represent small pieces of the dendritic actin network, consisting of unusually short and densely branched actin filaments, as also observed in yeast [31] and Hip1R-depleted HeLa cells [32] , suggesting high activity of capping proteins in these patches.
Importantly, we have determined the polarity of actin filaments in actin patches and found that barbed ends are oriented toward the CCS. These data suggest that actin generates force directed toward the CCS, thus resolving the existing uncertainty on this point [3, 4] . The opposite end of the patch, predicted to be the oldest part, is usually anchored to a long actin filament of the lamellar cytoskeleton. This organization suggests that when NPFs are recruited to and activated at the CCS, the Arp2/3 complex employs a nearby actin filament as a coactivator [27] so that the autocatalytic process of dendritic nucleation can begin without a need for additional actin nucleators. The anchorage of the dendritic patch to the surrounding cytoskeleton may also enhance the effect of generated force by providing traction to the assembling dendritic network.
Electron tomography provided further insights into the pathway of actin patch development over time. Thus, very small actin patches are most frequently found in association with shallow CCSs that represent relatively early stages of CME, whereas more invaginated CCSs are associated with larger actin patches that tend to encircle the CCS. These findings suggest that the actin patch may start locally and then spread around the CCS, forming a collar-like shape. The comet-tail-like shape appears to be the subsequent stage of patch morphogenesis, as it becomes the dominant feature of spherical CCSs. We suppose that the collar-to-comet-tail reorganization may be a consequence of neck constriction, during which barbed ends become consolidated at the narrowing neck of the constricted CCS and then propagate into the same direction, forming a comet tail.
Furthermore, electron tomography allowed us to precisely define the CCS surfaces interacting with barbed ends, thus gaining insight into actin cytoskeleton functions during CME. Our data suggest that neck constriction is one of the key roles of actin polymerization in this process, as proposed previously [6, 7, 28] . Indeed, at partially invaginated CCSs (shallow or deep), barbed ends almost exclusively abut the neck of the CCS, suggesting that the neck is the major site of force application. The constriction is expected to be especially efficient when the actin network encircles the CCS in a collar-like fashion, whereas more asymmetric, baby-bib-like configurations may produce lateral movements of CCSs [6] . The circumferential arrangement of actin filament barbed ends and their position close to the plane of the plasma membrane suggest that actin filaments push onto the plasma membrane next to the clathrin coat rather than on the coat itself. This idea is consistent with cortactin localization at the perimeter of the clathrin cage [11] , where it supposedly activates the Arp2/3 complex and induces actin assembly. With such arrangement, the energy of actin polymerization can be more efficiently directed toward the emerging neck.
Our data are also consistent with the idea that the actin network promotes CCS invagination [3, 7, 29] . However, a lack of massive association of actin filaments with the clathrin coat suggests that CCSs unlikely invaginate by riding on the retrograde flow [3] . Instead, constant branching of actin filaments within dendritic patches associated with constricted CCSs may cause network expansion in Z direction, which would drive the CCS from the plasma membrane [19] . In this scenario, barbed ends would form a hemispherical front and push on all three surfaces, the plasma membrane, the neck, and the CCS, thus integrating the existing models [3, 4, 19] . Finally, the comet-tail-like morphology of actin patches suggests that the actin network can drive the departure of endocytosed vesicles from the plasma membrane after scission [1, 2, 29] . At this stage, actin may push directly onto the clathrin coat and may be more strongly bound to it, as suggested by better preservation of comet-tail-associated CCSs after detergent extraction. This strong binding may be mediated by Hip1R, a protein interacting with both actin and the clathrin coat [3] . Another unanswered question is how much actin is needed for CME in mammalian cells. Discrepant results on this point have been attributed to the conditional requirement of actin in mammalian CME when the endocytic process encounters challenges, such as high turgor pressure [29] , excessive membrane tension [33, 34] , or bulky cargo [35] , including large flat clathrin-coated plaques versus regularly sized (w100 nm) clathrin-coated vesicles [24] . Our study provided some insights into this question. First, we found that dendritic actin patches detectable by EM may be missed by fluorescence imaging of detergent-extracted phalloidin-stained samples. The problem may be exacerbated during live imaging in the presence of soluble pools of fluorescent reporters. Second, large clathrin plaques displayed scarce association with the dendritic actin network in our samples, in contrast to regularly sized CCSs. Although it is unknown whether clathrin plaques undergo endocytosis in this cell type, we were unable to confirm that large clathrin plaques have greater requirement for the actin cytoskeleton [24] . Third, much evidence regarding dispensability of actin in mammalian CME resulted from the application of actin-depolymerizing drugs [24, 36, 37] . Following treatment with latrunculin B or cytochalasin D at comparable concentrations, we found multiple remaining F-actin patches extensively colocalizing with CCSs ( Figure S4 ), suggesting that the actin polymerization machinery at CCSs successfully competes for scarce actin resources remaining following drug treatment. Therefore, disruption of prominent F-actin structures, such as stress fibers, by actin drugs is not an indicator of total inhibition of the CCS-associated actin machinery. Together, our findings suggest that the involvement of the actin cytoskeleton in mammalian CME may be greater than currently appreciated. In any case, whether actin polymerization is needed constantly or conditionally, the mechanism of actin functions in CME is unclear, and our study has provided critical insights into this problem.
Based on our data, we propose a model for the actin cytoskeleton assembly and functions at CCSs (Figure 6 ). A forming CCS recruits and activates NPFs, such as N-WASP [9, 10] and cortactin [11] , which accumulate at the plasma membrane around the CCS perimeter. An inactive Arp2/3 complex is activated by these NPFs and a nearby actin filament and begins branched nucleation. Newly formed actin filaments support subsequent rounds of Arp2/3 complex-dependent branched nucleation leading to expansion of the network. Filaments positioned close to the CCS, and thus to NPFs, have increased probability to bind an NPF-activated Arp2/3 complex and serve as mother filaments for subsequent rounds of nucleation. As a result, the expanding dendritic network gradually encircles the CCS, although it frequently remains asymmetric. During the growth of the network, the barbed ends push onto the plasma membrane at the boundary with the clathrin coat and promote invagination of the bud and constriction of the neck. Consolidation of the pushing front at the narrowing CCS neck results in reorganization of a collar into a comet tail, which drives the departure of the clathrin-coated vesicle from the plasma membrane after scission.
Experimental Procedures
Cells and Reagents B16F1 mouse melanoma cells were cultured as described [15] . Monoclonal clathrin heavy chain antibody (clone X-22) was from Abcam, polyclonal rabbit antibody against p16 subunit of the Arp2/3 complex was as described [38] , and polyclonal rabbit antibody against b subunit of capping protein was a gift from D. Schafer (University of Virginia). Fluorescently labeled secondary antibodies, phalloidins, and Deep-Red CellMask membrane dye were from Invitrogen. Secondary rabbit antibodies conjugated to 12 nm colloidal gold were from Jackson ImmunoResearch Laboratories. Myosin S1 was a gift from Y. Goldman (University of Pennsylvania). Latrunculin B was from Calbiochem, and all other reagents were from SigmaAldrich unless indicated otherwise. EGFP-tagged clathrin light chain a (EGFP-CLC) was a gift from J. Keen (Jefferson University), and pEGFPtagged b2 subunit of heterodimeric capping protein (EGFP-CP) was a gift from D. Schafer (University of Virginia).
Light Microscopy
Immunofluorescence staining of detergent-extracted cells, transient transfection, and fluorescence light microscopy were as described [15] . Clathrin immunofluorescence staining was performed after paraformaldehyde fixation, because X-22 antibody does not recognize glutaraldehyde-fixed samples.
Electron Microscopy
Platinum replica EM procedures were as described [20, 21] . Immuno-EM of clathrin was performed as described for myosin II. Cell unroofing was performed as described [23] . Unroofed cells were immediately fixed with 2% glutaraldehyde and processed for EM.
Electron tomography series from platinum replica samples were prepared by two approaches. First, single-axis tilt series were acquired every 3 using increments according to the Saxton scheme over a range of 670 using an FEI CM300-FEG electron microscope operating at an accelerating voltage of 300 kV and equipped with a Gatan Model 670 High Tilt Analytical Holder and a TVIPS F415MP 4k 3 4k CCD camera. The tomograms were processed using PROTOMO software package [39] . Figures and movies were constructed using CHIMERA [40] . Second, single-axis tilt series with images acquired every 10 over a range of 650 were obtained using a Philips CM120 transmission electron microscope operating at an accelerating voltage of 80 kV. Images were manually aligned using Adobe Photoshop. Movies were produced from aligned and cropped images using Metamorph.
For additional experimental details, see Supplemental Experimental Procedures.
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